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Abstract
Silicon Photo-Multipliers (SiPM) are becoming the photo-detector of choice
for increasingly more particle detection applications, from fundamental phys-
ics, to medical and societal applications. One major consideration for their
use at high-luminosity colliders is the radiation damage induced by hadrons,
which leads to a dramatic increase of the dark count rate. KETEK SiPMs
have been exposed to various fluences of reactor neutrons up to Φneq = 5×1014
cm−2 (1 MeV equivalent neutrons). Results from the I-V, and C-V measure-
ments for temperatures between −30◦C and +30◦C are presented. We pro-
pose a new method to quantify the effect of radiation damage on the SiPM
performance. Using the measured dark current the single pixel occupation
probability as a function of temperature and excess voltage is determined.
From the pixel occupation probability the operating conditions for given re-
quirements can be optimized. The method is qualitatively verified using
current measurements with the SiPM illuminated by blue LED light.
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1. Introduction
Radiation damage of silicon by hadrons has been extensively studied for
electronics and sensors [1, 2]. In the Si bulk, defect states are formed, which
change the effective doping, reduce the carrier mobilities and lifetimes, and
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increase the generation rate. The increased generation rate causes an in-
crease in dark-count-rate (DCR), which is the biggest limitation for use of
SiPMs in a high radiation environment. To better quantify the effect of the
DCR increase on the SiPM performance, the pixel occupation probability is
determined using the measured dark current and the values of the quenching
resistance. The pixel occupation probability is defined as the the probability
that a Geiger discharge occurs in a pixel in a given time interval. From the
pixel occupation probability the decrease of the dynamic range of the SiPM
due to dark counts can be determined. The results are compared to SiPM
current measurements with the SiPM illuminated by a blue LED.
In this paper current-voltage measurements of SiPMs irradiated with neu-
trons to fluences between 0 and Φneq = 5×1013 cm−2, with and without
illumination by a blue LED, and temperatures between −30◦C and +30◦C
are presented. From these data the temperature and fluence dependence
of characteristic SiPM parameters, like breakdown voltage, pixel occupancy,
and reduction of the photo-detection efficiency are determined.
2. SiPMs, irradiation and measurements
The SiPMs investigated were fabricated by KETEK [3]. They consist of
4384 pixels of 15 × 15 µm2, a breakdown voltage of about 27.5 V, a depth of
the amplification region, as determined by capacitance-voltage (C-V) mea-
surements, of < 1 µm, and a poly-silicon quenching resistance of 550 kΩ
with a sample-to-sample spread of ±30%. For more details see [4]. The neu-
tron irradiations were performed at room temperature without applied bias
at the TRIGA Research Reactor of the JSI, Ljubljana. The samples were
transported cold to Hamburg after irradiation and stored in a refrigerator
at −30◦C. No annealing was applied to the samples before measurement.
However, each measurement cycle took approximately 2 hours at one given
temperature, and in particular the measurements at +30◦C cause annealing.
The sample are kept in the refrigerator when not being measured.
The following measurements were performed on a temperature-controlled
chuck in a dry atmosphere: current-voltage (I-V) for forward and reverse
voltages; temperatures between −30◦C and +30◦C without and with illumi-
nation by LED light of 470 nm.
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Figure 1: Measured I-V curves at various fluences, (a) at +20◦C, in the dark, (b) at −30◦C
in the dark (solid lines) and with LED illumination (dashed lines). The related fluences
are reported next to the curves.
3. Breakdown voltage
The breakdown voltage Vbd for each set of measurement is determined
using the method of the minimum of the inverse logarithmic derivative (ILD)
as discussed in [4]. Fig. 2 (a) presents ILD for the I-V curves shown in
Fig. 1 (a). The difference of Vbd after and before neutron irradiation as
function of irradiation fluence are presented in Fig. 2 (b) for T = +20◦C.
Up to Φneq = 5×1013 cm−2, no change is observed in the value of Vbd within
the uncertainty of about 40 mV. The value of Vbd after irradiation with
Φneq = 5×1014 cm−2 neutrons is higher by about 350 mV compared to the
non-irradiated SiPM. Note that in [4] we reported a difference of about 1 V
for the Vbd determined from I-V curves and the V
G
bd determined from gain
(G) vs. voltage curves, for this specific SiPM. Therefore the results from of
Fig. 2 (b) do not allow to draw conclusions on the fluence dependence of the
SiPM gain, which is expected to be proportional to V − V Gbd . Further work
is required to establish a method to determine V Gbd for irradiated SiPMs.
4. Photo-detection
One relevant question for SiPM applications is, how does the photo-
detection change as a function of fluence and temperature either because
of changes in the SiPM electronic parameters (signal duration, τ , electric
field, Vbd, PDE, correlated noise (CN)) or because of the increase in DCR.
Fig. 3 presents the normalized photo-current
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Figure 2: a) ILD curves computed from the I-V curves of Fig. 1 (a). b) difference of Vbd
after and before neutron irradiation as function of fluence.
InormLED =
ImeasLED (Vbias)− Idark(Vbias)
ImeasLED (Vbias = 10 V )− Idark(Vbias = 10 V )
(1)
of the SiPM before and after irradiation to Φneq = 5×1013 cm−2. At Vbias =
10 V the SiPM gain is assumed to be 1. If the additional pixel occupancy
by the LED photons is ignored InormLED can be related to SiPM parameters by
InormLED ≈ A∗prob ·G ·(1+CN), with A∗prob being the Geiger discharge probability
multiplied by the probability that the corresponding pixel is not occupied by
a Geiger discharge. The ratio
R =
InormLED (Φneq)
InormLED (Φneq = 0)
(2)
should be equal to 1 if the product A∗prob ·G · (1 +CN) is not affected by the
irradiation. While this was the case within < 10% up to Φneq = 10
12 cm−2, as
demonstrated in [5], it is not anymore true for Φneq = 5×1013 cm−2. Above
breakdown R drops quickly to zero, indicating a rapid decrease in effective
photo-detection efficiency. Cooling to −30◦C increases the excess voltage
range for a given lower limit of R. To understand the cause of this signal loss
the pixel occupation probability is investigated.
5. Pixel occupation probability
We introduce the pixel occupation probability due to dark counts ηDC ,
as the probability of a Geiger discharge in a pixel in a time interval ∆t. It is
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Figure 3: InormLED for the non-irradiated SiPM (solid dots) and the SiPM irradiated to
Φneq = 5×1013 cm−2 (open circles) with the y-scale on the right, and their ratio, R, with
the scale on the left. (a) at +20◦C and (b) at −30◦C. For details see text.
related to the DCR by
DCR · (1 + CN) ≈ Npix
τ
· ηDC , (3)
where we have taken ∆t = τ = Rq · Cpix the recovery time of the SiPM
pulse. One can express the measured Idark in terms of the pixel occupation
probability:
Idark = q0 ·G ·DCR · (1 + CN) ≈ q0 · CpixVex
q0
· Npix
τ
· ηDC . (4)
Eq. 4 can be rewritten as:
ηDC =
Idark
Vex
· Rq
Npix
. (5)
We note that all quantities in Eq. 5, Idark, Rq and Vbd can be determined
from I-V measurements for forward and reverse bias. In particular, Rq is
taken from dI
dV
calculated at the highest forward bias voltage below current
limit of 1.7 V.
We also note that for ηDC → 1 the voltage drop due to Idark over Rq/Npix =
Vex; thus the pixel voltage never recovers, i.e. Vbias − Vex = Vbd.
Assuming Poisson statistics, we calculate µDC = −ln (1− ηDC), the aver-
age number of e− h pairs which in a time interval τ would produce a Geiger
discharge in a pixel not already occupied by a discharge. The quantity µDC/τ
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Figure 4: a) Idark versus excess bias voltage for a SiPM irradiated to Φneq = 5×1013 cm−2.
b) Pixel occupation probability ηDC for various temperatures from +20
oC to −30◦C.
is directly related to the charge carrier generation rate (and thus can be sim-
ulated using Shockley-Read-Hall statistics including field enhancement).
Fig. 4a shows the measured Idark versus excess bias voltage for a SiPM
irradiated to Φneq = 5×1013 cm−2 for various temperatures from +20◦C to
−30◦C. Fig. 4b presents the results for the pixel occupation probability ηDC
extracted from Fig. 4a. The curves indicate that for instance for an operation
temperature of −30◦C, this particular SiPM has a pixel occupation proba-
bility of 20% if operated at 2.5 V excess bias. We conclude that the increase
of the pixel occupation probability, ηDC , with temperature and fluence is re-
sponsible for the rapid decrease of the photo-detection efficiency, as function
of fluence and temperature, as demonstrated by the decrease of R shown in
Fig. 3.
6. Conclusions
Different characteristics of KETEK SiPMs irradiated with neutrons up
to a fluence of Φneq = 5×1014 cm−2 were extracted from current-voltage
measurements with and without illumination with a blue LED and temper-
atures between −30◦C and +30◦C. The values of the breakdown voltage is
not changed up to Φneq = 5×1013 cm−2, whereas an increase of Vbd is ob-
served for Φneq = 5×1014 cm−2. For high neutron fluences, the DCR by far
exceeds the values for which the standard methods of DCR determination
using pulse-height spectra can be applied. Therefore the method of pixel
occupation probability is introduced, which allows to characterize the reduc-
tion of photo-detection efficiency due to high DCRs. As an example, the
6
specific KETEK SiPM irradiated to Φneq = 5×1013 cm−2 has a pixel occupa-
tion probability of 20% if operated at Vex = 2.5 V at −30◦C, and thus can be
used as photo-detector, however with a significantly reduced dynamic range
compared to the non-irradiated SiPM.
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